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Abstract 
  We have synthesized two iron fluo-arsenides ACa2Fe4As4F2 with A = Rb and Cs, analogous to 
the newly discovered superconductor KCa2Fe4As4F2. The quinary inorganic compounds 
crystallize in a body-centered tetragonal lattice with space group I4/mmm, which contain double 
Fe2As2 layers that are separated by insulating Ca2F2 layers. Our electrical and magnetic 
measurements on the polycrystalline samples demonstrate that the new materials undergo 
superconducting transitions at Tc = 30.5 K and 28.2 K, respectively, without extrinsic doping. The 
correlations between Tc and structural parameters are discussed.  
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Since the discovery of high-temperature superconductivity in iron pnictides [1,2], considerable 
efforts have been devoted to explore new iron-based superconductors (IBS). To date dozens of 
IBS, in diverse structure types, have been discovered, all of which contain Fe2X2 (X = As or Se) 
layers that are essential for the emergence of superconductivity. Some of the structures are 
relatively simple because fewer atoms connect the superconductive Fe2X2 layers [1-7]. Other 
complex structures consist of thicker connecting blocks between the Fe2X2 layers [8-13]. These 
material discoveries greatly enrich the related research on IBS [14-16].   
In 2013 we designed several new structures containing Fe2X2 layers, in view of the crystal 
chemistry of IBS [17]. This year one of the candidate structure “KLaFe4As4” was realized in the 
form of AkAeFe4As4 (Ak = K, Rb, Cs; Ae = Ca, Sr) [18] and AkEuFe4As4 (Ak = Rb, Cs) [19-21]. Very 
recently, another proposed structure A3Fe4X4Z2 (see Ref. 17 for details of the definition of A, X 
and Z) was implemented in KCa2Fe4As4F2 (hereafter called 12442) [22]. In these new IBS above, 
the Fe2X2 layers are asymmetric, not being seen in previous IBS. Furthermore, these materials are 
self doped (hence superconductivity emerges) in their stoichiometric form. For the 12442-type 
IBS, in particular, there are double Fe2As2 layers (with alkali metal atoms sandwiched) separated 
by Ca2F2 layers, which has not been seen in previous IBS either.  
In this work, we synthesized ACa2Fe4As4F2 (A = Rb, Cs), two sister compounds of KCa2Fe4As4F2, 
which can be viewed as an intergrowth of AFe2As2 (A = Rb, Cs) and CaFeAsF. The crystallographic 
parameters were determined. The physical property measurements demonstrate that 
RbCa2Fe4As4F2 and CsCa2Fe4As4F2 exhibit bulk superconductivity at 30.5 K and 28.2 K, 
respectively. 
  Polycrystalline samples of RbCa2Fe4As4F2 and CsCa2Fe4As4F2 were prepared by conventional 
solid-state reactions in sealed Ta tubes. Details of the sample preparation are presented in the 
following Experimental Section.  
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Figure 1 X-ray diffraction patterns and their Rietveld refinement profiles for RbCa2Fe4As4F2 (a) and CsCa2Fe4As4F2 
(b) polycrystalline samples. (c) The 12442-type crystal structure, projected along the [100] direction. 
 
Powder X-ray diffraction (XRD) patterns of as-prepared RbCa2Fe4As4F2 and CsCa2Fe4As4F2 are 
displayed in Fig. 1(a) and Fig. 1(b), respectively. The former shows no obvious impurities, and the 
latter indicates nearly pure 12442-type phase with weak reflections (3% of the strongest 
reflection) from unreacted CaF2. These XRD data were then employed for Rietveld analyses using 
software Rietan-FP [23]. The refinement was based on the 12442-type structural model shown 
Fig. 1(c) in which the occupation factor of each atom was fixed to 1.0. The weighted reliability 
factor Rwp are 3.47% and 4.61%, while the goodness-of-fit parameter S are 1.49 and 1.74, for 
RbCa2Fe4As4F2 and CsCa2Fe4As4F2 respectively. The resulting crystallographic data are tabulated in 
Table 1 in comparison with those of KCa2Fe4As4F2 [22].   
 
Table 1 Crystallographic data of ACa2Fe4As4F2 (A = K, Rb, Cs). The space group is I4/mmm (No. 139). The 
atomic coordinates are as follows: K/Rb/Cs 2a (0, 0, 0); Ca 4g (0.5, 0.5, z); Fe 8g (0.5, 0, z); As1 4e (0.5, 0.5, z); 
As2 4e (0, 0, z); F 4d (0.5, 0, 0.25). a1 and a1 denote the angles of As1−Fe−As1 and As2−Fe−As2, respectively. 
A K (Ref. 22)   Rb Cs 
Lattice Parameters 
a (Å) 3.8684(2) 3.8716(1) 3.8807(1) 
c (Å) 31.007(1) 31.667(1) 32.363(1) 
V (Å3) 463.99(3) 474.66(1) 487.38(1) 
Coordinates (z) 
Ca 0.2085(2) 0.2089(2) 0.2100(2) 
Fe 0.1108(1) 0.1140(1) 0.1172(1) 
As1 0.0655(1) 0.0697(1) 0.0739(1) 
As2 0.1571(1) 0.1592(1) 0.1614(1) 
Bond distances (Å) 
Fe−As1  2.390(3) 2.391(2) 2.393(2) 
Fe−As2  2.409(3) 2.407(2) 2.410(2) 
As Height from Fe Plane (Å) 
As1 1.405(3) 1.403(1) 1.401(1) 
As2 1.436(3) 1.431(1) 1.430(1) 
Bond Angles (°) 
a1 108.0(2) 108.1(2) 108.3(2) 
a2 106.8(2) 107.0(2) 107.2(2) 
 
As an intergrowth between RbFe2As2 and CaFeAsF, RbCa2Fe4As4F2 indeed shows a lattice 
constant a very close to the mean value of those of RbFe2As2 (3.863 Å) [24] and CaFeAsF (3.878 Å) 
[25]. Meanwhile the c axis is almost equal to the expected value (2cCaFeAsF + cRbFe2As2 = 31.633 Å). 
Similarly, the lattice constants of CsCa2Fe4As4F2 are related to those of CaFeAsF and CsFe2As2 [26]. 
Note that the apparent Fe valence in the hybrid 12442 phase become 2.25+, an average of 2.5+ 
(in RbFe2As2) and 2+ (in CaFeAsF). Along with charge homogenization, the constituent building 
blocks in the 12442-type structure suffer subtle modifications. For example, the CaFeAsF block 
becomes slightly slimmer, as is also seen in KCa2Fe4As4F2 [22]. 
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Figure 2 Temperature dependence of electrical resistivity for the RbCa2Fe4As4F2 and CsCa2Fe4As4F2 polycrystalline 
samples. The insets of (b) & (c) are derived upper critical field (Hc2) and irreversible field (Hirr) as functions of 
temperature. 
 
Fig. 2(a) shows temperature dependence of electrical resistivity [ρ(T)] for ACa2Fe4As4F2 (A = Rb, 
Cs) samples. Overall, the ρ(T) curves show a metallic behavior. No anomaly associated with the 
spin-density wave ordering that often appears in the parent compounds of IBS [14-16] can be 
seen, consistent with the self hole doping at 25%. Nevertheless, there is a hump-like anomly at 
around 150 K, which is commonly seen in hole-doped IBS [3,27]. Notably, the resistivity decreases 
almost linearly below ~75 K until a superconducting transition takes place. The onset 
superconducting transition temperature (T onset c ) is defined as the interception of linear 
extrapolations from superconducting and normal-state sides. For A = Rb and Cs, Tonset c  are 30.5 K 
and 28.5 K, respectively, which are somewhat lower than that of KCa2Fe4As4F2 (33.0 K) [22].  
  Upon applying magnetic field, the superconducting transitions shift to lower temperatures 
with a pronounced tail, as shown in Fig. 2(b) & (c). Consequently, the zero-resistance 
temperature Tzero c  decreases much faster than Tonset c , suggesting high anisotropy in the 12442-type 
materials. Taken 90% and 1% of ρn (the extrapolated normal-state value at Tc) as the criteria, the 
upper critical field (Hc2) and the irreversible field (Hirr) are extracted, both of which are plotted in 
the insets of Fig. 2(b) & (c). The large gaps between Hc2(T) and Hirr(T) confirms the enhanced 
two-dimensionality. Additionally, the slopes of Hc2(T) for RbCa2Fe4As4F2 and CsCa2Fe4As4F2 
achieve as high as 13.9 T/K and 14.2 T/K, respectively, suggesting small superconducting 
coherence lengths at zero temperature. Further measurements using single crystalline samples 
are needed to reveal the anisotropy directly. 
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Figure 3 (a) Temperature dependence of magnetic susceptibility measured at 10 Oe in field-cooling (FC) and 
zero-field-cooling (ZFC) modes for ACa2Fe4As4F2 (A = Rb, Cs). (b) & (c) Isothermal magnetization loops at 2 K for 
RbCa2Fe4As4F2 and CsCa2Fe4As4F2. 
  
Fig. 3(a) shows temperature dependence of dc magnetic susceptibility measured under a low 
field of 10 Oe. The diamagnetic transitions occur at 30.5 K and 28.2 K, consistent with the 
resistivity measurement. After a demagnetization correction, the volume fractions of magnetic 
shielding, measured in zero-field-cooling (ZFC) mode, reach 90% and 65%, respectively, for 
RbCa2Fe4As4F2 and CsCa2Fe4As4F2. The Meissner volume fractions, measured in field-cooling (FC) 
mode, still achieve 23% and 25%, which unambiguously manifest bulk superconductivity. Fig. 3(b) 
& (c) show the isothermal magnetization curves at 2 K for the two superconductors. The lower 
critical magnetic fields Hc1 (about 400 Oe) are much smaller than the upper critical magnetic 
fields (see above), therefore, ACa2Fe4As4F2 (A = Rb, Cs) belong to extremely type-II 
superconductors. The superconducting magnetic hysteresis loops indicate strong magnetic flux 
pinning effect. Given the samples’ dimensions with e×e×h cm3, the critical current density Jc 
can be derived from the hysteresis loops using Bean critical state model [28], which gives Jc(H) = 
30×[M+(H)−M−(H)]/e (A cm−2). Consequently, Jc values of the RbCa2Fe4As4F2 sample are 
estimated to be 2.2×105 A cm−2 at H = 0 and 8.0×104 A cm−2 at H = 10 kOe, while Jc values of 
the CsCa2Fe4As4F2 sample are approximately 5.2×105 A cm−2 at H = 0 and 2.8×105 A cm−2 at H = 
10 kOe. 
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Figure 4 Correlations between Tc and structural parameters in ACa2Fe4As4F2 (A = K, Rb, Cs). The parameters 
include lattice constants a (a) and c (b), intra-Fe2As2-bilayer spacing (c), inter-Fe2As2-bilayer spacing (d), As height 
from the Fe plane, hAs (e) and As−Fe−As bond angle, a (f). The thick gray lines mark the expected/ideal values of 
hAs and a that generate maximum Tc. 
 
As stated above, the hole doping level remains 25% for ACa2Fe4As4F2 (A = K, Rb, Cs) assuming 
ideal stoichiometric ratios. Therefore, it is meaningful to investigate the crystal-structure origin 
for the Tc variations. Fig. 4 plots Tc as functions of different structural parameters. One sees that 
Tc inversely correlates with the lattice parameters a and c. This is in sharp contrast to variations of 
Tmax c  in the optimally hole-doped (Ae, Ak)Fe2As2 systems (Tmax c  increases with the lattice 
parameters) [15-16]. Then, we consider the relevance of the spacing between Fe2As2 layers. 
While Tc decreases with dintra (the spacing of Fe planes within the double Fe2As2 layers), in 
contrast, Tc increases almost linearly with the spacing of Fe planes separated by the Ca2F2 layers, 
dinter [see Fig. 1(c)]. Given that the effective interlayer coupling increases with decreasing the 
spacing, the result suggests that either the intra-bilayer coupling enhances Tc, or, the inter-bilayer 
coupling suppresses Tc. If this is the case, Tc values of IBS are determined not only by single 
Fe2As2 layer itself, as widely believed, but also by the coupling between different Fe2As2 layers, 
which calls for further theoretical investigations. 
We note that the most commonly used parameters for the crystal-structure relationship with 
Tc in IBS are the As−Fe−As bond angle, a [29,30] and the As height from the Fe plane, hAs [31]. In 
the 12442-type structure, there are two different values for the above parameters due to the 
asymmetric Fe2As2 layers. The possible correlations with Tc are shown in Fig. 4(e) & (f). As can be 
seen, both parameters deviate from the “ideal” values (a = 109.5° and hAs = 1.38 Å) marked by 
thick gray lines. Contrarily, Tc tends to increase when the parameters deviate more from the ideal 
values. The As height dependence resembles the Tc variation in FeSe under high pressures [13].  
  In summary, we have synthesized and characterized new quinary iron-arsenide fluorides 
RbCa2Fe4As4F2 and CsCa2Fe4As4F2 with separate double Fe2As2 layers. The two compounds 
superconduct at 30.5 K and 28.2 K, respectively, due to self-doping effect. The Tc trend violates 
the empirical rule of structural parameters. Instead, the interlayer coupling seems to be relevant 
to optimizing Tc. The success in obtaining new superconductors by incorporating large 
alkali-metal ions [18-22] is reminiscence of the recently discovered Cr-based superconductors 
A2Cr3As3 [32-34], which suggests that the alkali-metal elements may have been overlooked in the 
exploration of superconducting materials. In the 12442-type IBS, alkali-metal cations seem 
essential, therefore, one may expect more 12442-type superconductors will be found by 
incorporation of alkali-metal cations in the near future. 
 
Experimental Section 
Polycrystalline samples of ACa2Fe4As4F2 (A = Rb, Cs) were synthesized by solid-state reactions 
with the source materials Rb ingot (99.75%), Cs ingot (99.5%), Ca shot (99.5%), Fe powders 
(99.998%), As pieces (99.999%) and CaF2 powders (99%). The intermediate products of CaAs, 
FeAs, and Fe2As were pre-synthesized with their corresponding elements at 1023 K for 12 hours 
in evacuated quartz tube, respectively. Then Rb1.03Fe2As2 and Cs1.03Fe2As2 (3% excess in order to 
compensate the loss of alkali metal) were prepared by reacting Rb and Cs with FeAs at 923 K and 
873 K for 10 hours as another two intermediate products. Moreover, CaF2 was heated to 873 K 
for 24 hours in air to remove adsorbed water. After that, RbFe2As2 (or CsFe2As2), CaAs, CaF2 and 
Fe2As were mixed homogeneously in the stoichiometric ratio and pressed into pellets. The pellets 
were loaded in an alumina tube with a cover. The sample-loaded alumina tube was sealed in a Ta 
tube which was jacketed with an evacuated quartz ampoule. Subsequently, the sample was 
heated to 1203 K in 5 hours, holding for 36 hours. The final products were stable in air. All the 
operations above were carried out in an argon-filled glovebox with the water and oxygen content 
below 1 ppm. 
  Powder X-ray diffraction was carried out at room temperature on a PANalytical x-ray 
diffractometer (Empyrean Series 2) with a monochromatic CuKa1 radiation. The electrical 
transport measurements were carried out by a standard four-terminal method on a Cryogenic 
Limited Vibrating Sample Magnetometer (VSM) equipped with a Keithley 2400 digital 
sourcemeter and a Keithley 2182 nanovoltmeter. The dc magnetizations were measured on a 
Quantum Design Magnetic Property Measurement System (MPMS-XL5), and the samples were 
cut into a rectangular shape so as to obtain the demagnetization factor easily. 
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